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An electron confined in a quantum dot interacts with its local nuclear spin environment through the hyperfine
contact interaction. This interaction combined with external control and relaxation or measurement of the electron
spin allows for the generation of dynamic nuclear polarization. The quantum nature of the nuclear bath, along
with the interplay of coherent external fields and incoherent dynamics in these systems renders a wealth of
intriguing phenomena seen in recent experiments such as electron Zeeman frequency focusing, hysteresis, and
line dragging. We develop in detail a fully quantum, self-consistent theory that can be applied to such experiments
and that moreover has predictive power. Our theory uses the operator sum representation formalism in order to
incorporate the incoherent dynamics caused by the additional, Markovian bath, which in self-assembled dots
is the vacuum field responsible for electron-hole optical recombination. The beauty of this formalism is that it
reduces the complexity of the problem by encoding the joint dynamics of the external coherent and incoherent
driving in an effective dynamical map that only acts on the electron spin subspace. This, together with the
separation of time scales in the problem, allows for a tractable and analytically solvable formalism. The key role
of entanglement between the electron spin and the nuclear spins in the formation of dynamic nuclear polarization
naturally follows from our solution. We demonstrate the theory in detail for an optical pulsed experiment and
present an in-depth discussion and physical explanation of our results.
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I. INTRODUCTION

The electron-nuclear spin dynamics in quantum dots (QDs)
have attracted intense experimental and theoretical attention
in recent years [1-16]. This is both because of the role of
the nuclear environment in potential applications in quantum
information and because this is an inherently interesting
system that exhibits rich physics, especially in the presence
of external coherent and incoherent driving.

From a practical point of view, the nuclear spins comprise
the main source of electron spin decoherence that limits
the quality of spin qubits. On the other hand, the ability to
polarize the nuclear spins allows them to be used as an asset
instead of a liability. For example, in the singlet-triplet qubit
in electrostatically defined QDs, the nuclear polarization is
used as an effective magnetic field to implement (psuedo)spin
rotations [17]. An ambitious role of the nuclear spins that
would take advantage of their long coherence times is their use
as a quantum memory, an idea that was proposed [18] but not
yet demonstrated experimentally in QDs. Finally, an additional
motivation for gaining control over nuclear polarization and
controlling the nuclear spins is that a polarized and/or narrowed
nuclear bath polarization distribution would have less of a
detrimental effect on the electron spin coherence due to a
reduction of fluctuations originating from a reduced available
phase space to which quantum information can be lost [19,20].
In the case of gate-defined QDs, it was demonstrated that
significant amounts of nuclear polarization or distribution
narrowing can be generated and stabilized in a controlled
fashion [21-23] and that this can give rise to an enhancement of
the spin coherence time by nearly an order of magnitude [22].
In the context of self-assembled QDs, a similar effect was
achieved via coherent population trapping, with an improve-
ment in coherence time by a factor of several hundred [6].
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From a fundamental science point of view, the open
and driven electron-nuclear spin system is of great interest,
as it has yielded a number of unexpected and intriguing
phenomena [24,25]. These arise from the fact that driving
the electron when it is coupled to a reservoir (this can be,
for example, a photon or phonon bath or cotunneling with
the leads) can produce dynamic nuclear spin polarization
(DNP), which in turn feeds back to the electron dynamics. This
often causes a reduction in nuclear spin fluctuations, which
manifests in a variety of effects depending on the experimental
setup. Noteworthy phenomena include synchronizing of the
electron spin frequency to that of a periodic train of pulses,
which can effectively homogenize an ensemble of spins with
a distribution of g factors [4], locking of a driven optical
transition to the laser [5,26], and hysteresis in the spectra
due to memory effects [5,6,8,26,27]. There exist several
theoretical works that analyze DNP processes in various
experimental contexts. In the case of gate-defined QDs, a
range of phenomena has been studied, such as DNP formation
and feedback [28-30], nuclear spin squeezing [31], dark state
formation [29,32], entanglement dynamics [31,33], and dy-
namical self-quenching [34]. In the context of self-assembled
QDs, there exist several works that treat the problem of driving
with a single continuous laser that showed nuclear feedback
effects and hysteresis [35,36], as well as for driving with two
phase-locked pulses to achieve tunable polarization [37] and
nuclear spin cooling [38].

II. OVERVIEW OF OUR APPROACH

Many of the experimental signatures of DNP repeat
across different setups in terms of driving sequences and
charge configurations in the QD. It is thus natural to seek
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a common theoretical framework which can be adapted to
explain any such type of experiment. In addition to the need
for understanding existing experimental results, a successful
theory should also have predictive power. The difficulty in
setting up such a theory for this system is the complexity of
the problem: It is an open and driven system which involves
many degrees of freedom, namely the electron spin, excited
electronic states outside the electron spin subspace, the nuclear
spins, and the reservoir that causes the nonunitary dynamics.
Moreover, there are feedback effects: The generated nuclear
spin polarization acts as an effective magnetic field on the
electron spin. Thus, the state of the latter changes based on
this updated magnetic field. The problem clearly has to be
solved self-consistently.

In this paper, we lay the foundations of such a theory
by expanding on the formalism introduced in our earlier
work [39]. Our theory is based on the use of dynamical maps.
This is a powerful tool that describes nonunitary evolution
through operators that act on the density matrix of the electron
spin and evolve it in a nonunitary fashion while preserving its
trace. These operators are found by solving for the dynamics
of the electron system driven by external fields and interacting
with the reservoir. By solving for the effect of these interactions
on the electron spin, we can eliminate any additional states
outside the qubit subspace and the degrees of freedom of the
reservoir, while in principle accounting for their effects exactly.
This can allow for an analytical approach that offers a general,
tractable, and transparent treatment of the problem.

Using the dynamical map that we find for the elec-
tron spin evolution under the driving and coupling to the
reservoir, we calculate the steady-state electron spin vector,
which constitutes our zeroth-order solution (i.e., no coupling
to nuclear spins). To include nuclear effects, we perform
a perturbative treatment on this zeroth-order solution by
finding the response of a single nuclear spin to the motion
of the electron spin under the external control. We thus make
the independent nuclear spin approximation. By including the
hyperfine coupling between the nucleus and electron, we find
the joint state of the two spins, which now includes quantum
correlations.

In this paper, we focus primarily on a large class of
experiments in which the driving is sufficiently fast that the
electron spin reaches its dynamical equilibrium steady state
quickly compared to both the electron spin decoherence time
and the time scale of nuclear spin evolution. The so-called
mode-locking experiments [4,40,41] are examples from this
class, as is demonstrated in the present work [42]. For these
types of experiments, we can employ a Markovian approxima-
tion to separate the nuclear spin degrees of freedom from those
of the electron, which gives us an effective dynamical map for
the nuclear spin. The Markovian approximation is not only
valid when the electron dynamics are fast; it is also physically
well motivated by noting that when the relaxation to the steady
state is fast compared to decoherence, which is in turn fast
relative to nuclear dynamics, the electron spin will tend to
remain in the steady state it attains in the absence of the nuclear
spin. While the electron spin steady state is approximately
unaffected by a single nuclear spin, it will change significantly
when the full nuclear spin ensemble is taken into account. This
is explained in detail in the next paragraph. Working in this
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Markovian limit, we obtain an expression for the steady state
of the nuclear spin which explicitly involves all the parameters
of the problem, as well as the electron steady state. To describe
continuous wave driving and similar types of experiments, it
may be necessary to go beyond the Markovian limit. However,
the theory presented in this work can still be adapted to these
cases as well, as was done recently to explain experimental
data for Ramsey fringes of hole spins; see Ref. [44].

To take into account many-body multinuclear effects, we
perform a shift of the Zeeman frequency of the electron by the
total effective magnetic field of all nuclear spins (Overhauser
shift). This is done by first finding a distribution for the nuclear
spin polarization using a mean-field approach. We do this by
solving a kinetic equation that determines the probability P (m)
that the net nuclear polarization is m. The quantity that enters
in this kinetic equation is the single-nucleus flip rate. Note that
generally the probability to flip from up to down is different
than that to flip from down to up. Both of these rates are found
by solving the equation of motion of the single nuclear spin.
With the nuclear polarization distribution at hand, we then
perform the Overhauser shift and find the average steady-state
electron spin vector self-consistently.

To explicitly demonstrate our formalism, in the second
part of the paper we focus on the spin mode-locking ex-
periments [4,40] in which a train of fast circularly polarized
pulses is applied to the electron. We show that our theory
reproduces the main experimental features, including the
buildup of nuclear spin polarization and its role in electron spin
frequency synchronization [4] and antisynchronization [40]
with the pulse train. Furthermore, in this work we go beyond
the high magnetic field approximation of Ref. [39] by taking
into account the so-called spontaneously generated coherence
phenomenon [45], which strongly modifies the generation of
electron spin polarization at low magnetic fields [46,47]. We
find that in this regime there is larger nuclear spin polarization
compared to the higher magnetic field case, but that it takes a
longer time to reach the steady state.

We also examine modifications to the mode-locking ex-
perimental setup. In particular, we calculate the dynamics
when an additional, coherent spin-echo pulse is included in
each period. Such pulses are important in the context of
quantum information as they constitute the simplest form of
dynamical decoupling. We show that this pulse sequence leads
to strong electron spin polarization in the plane transverse to
the magnetic field, modifies the synchronization effect, and
overall reduces the average nuclear spin polarization.

This paper is organized as follows. In Sec. III we give
an intuitive explanation of DNP in terms of electron-nuclear
spin entanglement. In Sec. IV we present a brief review of the
operator sum formalism, and in Sec. V we motivate and review
our general formalism. Section VI is devoted to analyzing and
explaining the pulsed mode-locking experiments [4,40].

III. DYNAMIC NUCLEAR POLARIZATION
IN QUANTUM DOTS

Dynamic nuclear polarization is nuclear polarization gen-
erated through dynamic processes, most commonly external
driving fields and some kind of incoherent dynamics of the
electron spin, instead of by simple nuclear spin relaxation
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(cooling) to a polarized ground state. Overhauser was the
first to predict such an effect in the early 1950s [48], and
his prediction was originally met with skepticism until it was
verified by Slichter and Carver [49]. Since then, there has been
a huge number of DNP experiments conducted in a variety
of diverse systems and based on various nonunitary physical
processes. A key component of DNP is clearly a mechanism
that removes entropy from the system. Such nonunitary
mechanisms may correspond to relaxation or measurement.
In the case of self-assembled QDs the experiments are optical
and involve an excited state outside the electron spin subspace,
typically a charged exciton, created by a (quasi) resonant
laser focused on the band gap. The extraction of entropy
from the system happens through optical excitation followed
by recombination and spontaneous emission of a photon.
The emitted photon generally carries information about the
system and can therefore lower the entropy of the net electron-
nuclear state. Experimentally, this can coincide with the actual
measurement of the system, but this is not necessarily always
the case.

Optical experiments in QDs have revealed a distinct
incarnation of the DNP effect and rich physics based on the
interplay of the optical driving, the spontaneous recombina-
tion, and of course the quantum many-body nuclear bath. It
is perhaps useful at this point to discuss what distinguishes
these DNP experiments with QDs from more conventional
DNP demonstrations. One feature of the QD is that it involves
a large number of nuclear spins, about 10*~10°, depending on
dot size. Therefore, the nuclear spectra can be thought of as
bands instead of discrete energy levels and generally cannot
be resolved by the external fields.

A more important feature, however, is the role of nuclear
feedback. As mentioned above, nuclear polarization acts as an
effective magnetic field that shifts the Zeeman frequency of
the electron spin. The distinctive feature in QD experiments
is that there exist selection rules which affect electron
spins differently depending on their orientation and energy.
Therefore, a shift in the Zeeman splitting is not just a small
quantitative correction, but can instead change qualitatively
the behavior of the system. For example, in the optical
mode-locking experiment an electron with a Larmor period
that is an integer multiple of the pulse repetition period will
become fully polarized and will subsequently be insensitive to
the pulse due to polarization selection rules. On the other hand,
an electron with a Larmor period that is a half-integer multiple
of the period will be minimally polarized by the pulse train.
This example demonstrates how the nuclear feedback can have
a large effect on the behavior of the electron spin and why a
self-consistent treatment is necessary.

To close this section let us present the physical picture
of DNP generation in QDs via a toy model [50]. Consider
two spins, one initialized in a pure state and the other in a
mixed state, corresponding to the electron and nuclear spin,
respectively. Now allow them to evolve under a Heisenberg
type interaction AS; - S,. The evolution from the initial state
to the state at time t = /A is described as

D HSUN YD = AN D)D) (1]

In the language of quantum information, we can view this as a
SWAP gate, meaning that the two spins have swapped quantum
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states. Now at t = /A a pulse comes in which performs a
projective measurement on the first spin and collapses it, e.g.,
into state ||, ). This process leaves both spins in a pure (i.e., fully
polarized) state even though the nuclear spin never interacted
directly with the external field. This is precisely the process
that removes entropy from the system via the measurement.
The purpose of this toy model is to demonstrate this effect in a
straightforward manner and hopefully build intuition into the
more complicated dynamics that we present below.

IV. OPERATOR SUM REPRESENTATION
(KRAUS) FORMALISM

In quantum mechanics, a closed system undergoes unitary
evolution. However, that is not the most general type of
evolution. A system generally interacts with other systems,
and energy and entropy can be exchanged with them through
this interaction. The system is then called open, and the
operator sum representation formalism can be used to describe
its nonunitary evolution. The operators that describe this
irreversible evolution are called Kraus operators [52], and they
act on a density matrix p in the following way:

p' =" EwpE|, ()
k

where k > 1 and the relation
Y ElE =1
k

(where 1 is the identity operator) should hold in order to
guarantee that the trace of the density matrix remains equal
to one. As a simple example, consider a two-level system
where the population can relax from the excited to the ground
state irreversibly. This is an ubiquitous scenario across physical
systems; e.g., this may be an atom in a metastable optically
excited state, or a nuclear spin, etc. The Kraus operators that
describe the decay from the excited to the ground state are (in
the basis {|g),le)})

1 0 V1 —o
My = , M= . 2
0 Ja 0 0
Starting from an arbitrary initial density matrix,
P11 P12
p= [ } , 3
P21 P22

the final density matrix after the probabilistic decay process
has completed is then

o = |:/011 + U —a)px
\/&,021

It is simple to check that when o« = 0 we have complete
relaxation from the excited to the ground state, while o = 1
yields the trivial solution of no decay, with the system
remaining in its initial state without evolving. It is useful to
note here that one could make o a time-dependent parameter.
In that case, the density matrix can be found at any time using
Eq. (1). For exponential decay, we would have o = «a(t) =
e~"/Ti while the decoherence, described by the decay of the

«/&Pu] . @

o022
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off-diagonal density matrix component, occurs with a time
scale T, = 2T, as it should.

V. GENERAL FORMALISM

The total Hamiltonian of the system is
H(t) = HO,e + Hc(t) + Hres + HO,n + Hl’lf7 (5)

where Hy . is the free part of the electron Hamiltonian in
the QD, H.(¢) is the control Hamiltonian, and H,e is the
interaction with the reservoir. We focus on the case where
H.(t) = H.(t + Tg) describes a periodic sequence of finite-
duration pulses with a period T. In general, these pulses will
couple the electron spin states to higher excited levels. All the
population decays back to the electron spin subspace through
the interaction with the reservoir, H,., with characteristic
rate y. In self-assembled dots, H.(¢) describes optical pulses
coupling the electron spin states to additional levels that are
charged excitons, also called trions, and H,s is the photon bath.
In electrostatically defined QDs, H.(f) is a gate voltage, the
additional states can be, for example, the two polarized triplet
states that lie outside the singlet-triplet qubit subspace, and
H,s represents the interaction with the leads. The remaining
two terms are the nuclear spin Hamiltonian in the presence of a
magnetic field, Hy, = w, Zifzi, and the hyperfine interaction
between the electron and N nuclei,

N N
Hyp =Y ASI+Y " A28, 0 + 8.1, (6)
i=1 i=1
The first term in Hj is referred to as the Overhauser term,
while the second is known as the flip-flop term. The hyperfine
couplings are determined by the magnitude of the electronic
wave function at the locations of the nuclear spins: A; =
Avg|W(r;)|?, where A is the total hyperfine energy, v is the
volume per nucleus, W is the electronic wave function, and r;
is the location of the ith nucleus.

There are two features of the open electron-nuclear spin
system that are advantageous toward the development of a
formalism to treat this problem. The first feature is that the
control Hamiltonian, H.(¢), acts solely on the electron spin
subsystem and does not directly affect the nuclear spins. This
fact, combined with the smallness of the hyperfine couplings
compared with the electron Zeeman frequency, allows us
to first solve for the electron evolution in the absence of
the nuclei and to then compute the response of the nuclear
spins to the electron dynamics. Specifically, we employ a
perturbative expansion in the hyperfine flip-flop interaction
to obtain analytical expressions for the nuclear steady state
and relaxation rate.

The second useful feature is a hierarchy of time scales.
In particular, we primarily focus on experiments in which
the reservoir-induced relaxation from auxiliary excited states
to the electron spin subspace is fast compared to the driving
period: y Tg > 1. This allows us to describe the evolution over
one period in terms of a dynamical map that acts only on the
2 x 2 electron spin subspace instead of a larger dimensional
Hilbert space. This in turn enables us to coarse-grain the
electron spin evolution by piecing together copies of this
dynamical map, leading to a substantial simplification of the
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analysis, and allowing for greater insight into the physics.
We also take advantage of a second time scale hierarchy,
namely 7, < T» < 1,, where 7, is the time it takes for the
electron to reach its steady state, 7, is the decoherence time
of the electron spin, and 7, is a characteristic time scale
for nuclear dynamics. In this regime, decoherence works to
keep the electron spin in the steady state it would have in
the absence of nuclei, although the nuclear Overhauser field
will still induce a shift in the electron Zeeman frequency.
This indicates that a Markovian approximation in which
electron-nuclear correlations are discarded after each driving
period is not only justified but physically well motivated. Note
that, even in systems where these time-scale hierarchies do
not hold (such as in singlet-triplet qubits), so long as there is a
nonunitary process that resets the qubit, we would still expect
a Markovian approximation to apply. One difference, however,
is that instead of first calculating the electron spin steady state
alone, one may need to calculate the total electron-nuclear spin
(nonunitary) evolution per cycle.

In the following sections, we describe in detail our general
formalism as it applies to the large class of experiments
exhibiting the time scale hierarchies described above. The first
step is to derive the dynamical map describing the evolution
of the electron system without the hyperfine interactions
and to use this result to compute the electron spin steady
state. We then couple a single nuclear spin to the electron
and calculate its resulting steady state and relaxation rate.
These quantities are the ingredients needed to construct the
multinuclear flip rates that enter into a kinetic equation for
the nuclear spin polarization distribution of the entire nuclear
spin ensemble. The solution of this kinetic equation then
gives the polarization distribution generated by a particular
driving sequence. Finally, we obtain the nuclear feedback on
the electron spin steady state by performing an Overhauser
shift in the Zeeman frequency and averaging the resulting
modified steady state over the polarization distribution. In
the second half of the paper, we apply our formalism to the
particular case of the mode-locking experiments [4,40]. We
demonstrate explicitly the requisite hierarchy of time scales,
and we show that our formalism reproduces the salient features
of the experimental findings.

A. Electron spin Kraus operators

To find the zeroth-order solution as a 2 x 2 operation on
the electron spin only, we first take the standard approach of
treating the reservoir to second order under the Markovian
approximation, which gives rise to decay and decoherence
terms in the Liouville-von Neumann equation. These terms can
be described by Lindblad operators so that, ignoring nuclear
terms and defining H,(¢t) = Hy. + H.(t), the total evolution
for the electron subsystem is described by

R =i[R,H.()] + L(R), (7

where the symbol R is used to stress that this density matrix
includes the two spin states and the excited states that couple
to the spin subspace via H,(t). It is important to note that the
initial condition for (7) is an arbitrary density matrix in the spin
subspace, i.e., only a2 x 2 block of nonzero matrix elements.
Since we are interested only in the spin subspace, we would
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like to use Eq. (7) to construct a dynamical map that describes
only the evolution of this subspace in terms of 2 x 2 matrices.
To facilitate this construction, we focus on the regime in which
the relaxation is fast compared to the pulse period (y Tg > 1).
Since the theory can be applied for multiple pulses per period,
a more precise condition would, in fact, be that 1/y should be
small compared to the largest time delay between pulses that
occurs in the pulse sequence. In this case, the density matrix R
after one period is such that the components outside the 2 x 2
spin subspace block are negligibly small, and we can derive a
dynamical map that evolves the spin subspace over one period
Tr. For one or even two excited states, this can often be done
analytically. Otherwise, a perturbative or numerical approach
is needed. The solution either way will provide an expression
for p’, the density matrix of the electron spin after one period,
as a function of the initial density matrix p. From this we can
extract the Kraus operators {&;} since they are used to relate

p' to p:
p=>&ptl. ®)
k

Note that the {&;} contain the evolution of the whole period,
including both the unitary part due to the free Hamiltonian and
the coherent control effects and the nonunitary part due to the
reservoir. The explicit form of the Kraus operators for pulsed
experiments are given in Sec. VL.

B. Spin-vector representation

For the present problem, the density matrix is not a
convenient representation of the spin state. The reason is
that to find the steady state of the electron spin, we need to
operate on it with the appropriate Kraus operators an infinite
number of times, and since these operators act on both sides of
the density matrix, this quickly becomes intractable. A much
more convenient way to solve this problem is to transform
to the spin-vector (SV) representation, which is a completely
equivalent way of representing the state of the system, but
with the important property that the operators describing
the evolution act on the left only [52]. In addition, the SV
representation offers a compelling geometric visualization of
the dynamics.

Before we proceed with the derivation of the SV represen-
tation from Eq. (8), let us first discuss what kind of physics
the dynamical map of the spin should describe. Obviously, the
evolution will generally be nonunitary, but what does that mean
for an input state? Clearly, a pure state undergoing nonunitary
evolution will generally /ose purity and will become (partially
or fully) mixed. Note, however, that a mixed state may either
become more or less mixed under nonunitary evolution. The
latter case, where the system gains purity, is equivalent to
increasing the spin polarization in the system. In the special
case of zero initial polarization, the pulse and subsequent
reservoir-induced relaxation will generate a nonzero SV after
one driving period. We thus expect the general form of the
evolution of the SV S over one period to be given by

S'=YS+K, ©))

where S and §’ correspond to density matrices p and p/,
respectively, in Eq. (8). We define the SV to be normalized to
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unity; i.e., its components are given by S,, = Tr(p0,,), where
o,, denotes the Pauli matrices. In general, the matrix ¥ both
rotates and shrinks the SV due to population loss, while K
restores the population to the electron spin Hilbert space. To
find Y and K we start from the general equation

p= &pk (10)
J

and multiply both sides by the Pauli matrix o, and take the
trace:

Tr(oep) =Tr | Y 0e&ip€l | an
J
The left-hand side is just Sy, and we express p on the right-

hand side in terms of the SV, i.e., we make the substitution
p=1/2+1/23" 0,5y to obtain

Sp=Ki+ Y YomSn, (12)
where

1 "
R L LT LTI
j J

1 _ .
Yom = ETrZagEjomé'; =2Tc Y se&isuél,  (14)
J J

where we define s; = 10;.

C. Zeroth-order solution: The steady-state electron spin vector

An unpolarized spin undergoing the evolution described by
Y and K will obtain some polarization. The spin right after the
first, second, and nth driving period will be, respectively,

S1=K, $=YS,+K=YK+XK,
(15)
S, =YS, 1 +K=0"'+...+Y+DK.

Equation (15) is a geometric series; we can therefore readily
write down the expression for the steady-state SV at the end
of a driving period as

Seo =1 =Y)'K. (16)

The inverse in the above equation in general exists because the
eigenvalues of Y are all less than unity, as follows from the
fact that Y includes the loss of population to the excited
state. Before we proceed to the inclusion of the nuclear spin,
we consider a slightly modified, but equivalent, version of
this formalism, where the vector K and the matrix Y are
represented by a single 4 x 4 matrix:

1 0 0 0
Ky Yoo Yo Yy
Ky Yy Yy Yy
K, Y, Y, Y.

Ve = a7

It is easy to check that in this four-dimensional (4D) represen-
tation, the steady-state SV S = (l,Séf),ng’;?),ng)) is the
eigenvector of 1 — ), with eigenvalue zero. It is generally the
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case that the first component of the 4D SV must remain fixed at
1 in order for ), to evolve the remaining three components of
the SV appropriately. This more compact representation will
prove very useful when we introduce the nuclear spin.

D. Including a single nuclear spin

The next goal is to find an equation similar to Eq. (9) for
the nuclear spin and from that derive the steady-state nuclear
SV along with the relaxation rate. These quantities will later
be used as inputs into the equation that determines the nuclear
polarization distribution for the entire ensemble of N nuclear
spins. For simplicity, we focus on the case of spin-% nuclei
throughout the paper, but the formalism could be extended to
consider other species of nuclei as well.

We begin by finding the appropriate Kraus operators for
the two-spin system. Here we are keeping them arbitrary since
we are interested in presenting the general method, but in
Sec. VI we derive the Kraus explicitly for the pulsed problem.
Defining the two-spin Kraus operators as F;, we evolve the
density matrix P describing the total electron-nuclear spin
state over one driving period according to

P =Y FPF. (18)
J

Let us now define generalized Pauli matrices for the
two-spin system, which are tensor products of the usual Pauli
matrices, including unity,

Gaire = Sk @ s¢, 19)

where k,£ run from 0 to 3, with s = %]1. Using these operators,
we can define the SV for the joint system. There are 16 different
G’s, but only 15 numbers are needed to specify the state
due to the normalization constraint. However, in analogy to
the 4D SV representation defined above, we work in a 16D
representation in which S denotes the two-spin SV containing
both the electronic and nuclear spin degrees of freedom, i.e.,
S; = 4Tr(PG;). In general, S is not simply a tensor product
of the two individual SVs, but contains quantum correlations
between the electron and nuclear spins. In this representation,
the evolution operator over one period is given by

Yy =43 TG FG,F. (20)
¢

with the total SV evolving according to
S =)S. 2n

In principle, we could obtain the two-spin steady state by
finding the eigenvector of 1 — ) with vanishing eigenvalue in
direct analogy with the single electron spin case treated above.
However, we instead perform a Markovian approximation
which amounts to keeping only the separable (tensor product)
part of S, ie., S %SL(,‘X’) ® S,. As discussed above, this
approximation is valid when there is a separation of time
scales, in particular when the electron reaches its steady
state, S, quickly compared to the nuclear dynamics and
the electron spin decoherence time. When this is the case,
the electron tends to remain in the steady state it would
have without interactions with the nuclei, suggesting that the
Markovian treatment is, in fact, more physical. We then obtain
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the effective nuclear spin evolution ), by acting with ) on
the tensor product S ® S, and reading off the coefficients
of the components of S, from the resulting S’. This procedure
can be summarized by the equation
Ot = —a—[V(S ©.5,)],, 22)
dS, g @

where the resulting ), explicitly contains electron SV com-
ponents. From ), we find the nuclear spin steady state
S0 = (1,809,559, 51°) as the eigenvector of 1 — ), with
eigenvalue equal to zero.

Next, we explain how to derive the nuclear relaxation rate.
The evolution of the 4D nuclear SV is described by

Sn(t +Tg) = ynsn(t)- (23)

Since the nuclear evolution is much slower than Tf, we can
coarse grain this equation to obtain a differential equation for
the nuclear SV,

d 1

—S, =—Q, - DS,, 24

P 7 =D 24)
which gives

Su(t) = e~ TR S, (0). (25)

Itis clear from this result that the smallest nonzero eigenvalue,
Ao, of 1 — ), will determine the relaxation rate of the nuclear
Spil’l: Yn = )VZ/TR-

E. Nuclear spin steady state and relaxation
rate in the perturbative regime

In the previous section, we showed that in the Markovian
limit, the nuclear steady state and relaxation rate can be
obtained from the effective evolution operator (in the SV
representation) for a single nuclear spin over one period,
V.. Specifically, the steady state is given by the eigenvector
of 1 — ), with eigenvalue zero, while the relaxation rate is
inversely proportional to the smallest nonzero eigenvalue of
1 — Y,. In order to obtain explicit analytical results, we make
use of the fact that the hyperfine couplings are small compared
to the electron Zeeman energy and perform a perturbative
expansion in the hyperfine flip-flop interaction. We keep the
Overhauser part of the interaction to all orders in the coupling
[see Eq. (6)]. In Appendix A, we show that to leading order in
this perturbative expansion, the nuclear spin steady state has
the form

SO = (1,0,0,%), (26)

where the nuclear spin components transverse to the magnetic
field vanish to leading order. It is further shown in the appendix
how to explicitly calculate £* as well as the smallest nonzero
eigenvalue, A3, of 1 — )),. These quantities are used below to
determine the nuclear spin-flip rates.

F. Driving with a simple periodic pulse train

An important class of driving sequences involves a periodic
pulse train with a single pulse per period. This includes,
but is not limited to, the case of mode locking, which is
analyzed in depth below. For this class of driving sequences,
the explicit expressions for each term in the perturbative
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hyperfine expansion of ), up to second order are given in
Appendix B, and the full expressions for £* = S°? and 13 are
given in Appendix C. In the remainder of the paper, we denote
the nuclear spin steady state by S(. In the limit @, — 0, the
expressions for S and A} reduce to the results quoted in
Ref. [39]:

Se,:[(S2 = 1) cos (422) + 82 + 1]

S = : 27
S2. (Sz—l)cos(AzTR)-i-l 7)
21 S2 SZ —1 ATg
3 = A_2 e ( = )COS( AZT) sin’ weTR. (28)
w; 14 82,4 (82, — 1) cos (432) 2

In the above expressions, we have compressed the notation for
the electron steady state S(Oo) — S,.; for the sake of brevity,

and we have defined S? = 52 +8;,+5;..

Given the generahty of Eqs (27) and (28) it is worth
pausing for a moment to examine the physical content of these
expressions. First, the fact that S{° is proportional to S{%’
is a reflection of conservation of angular momentum, which
requires that S = 0 when S{%) = 0. Second, it can be seen
from Eq. (28) that when ATy << 1 (as is typically necessary
for the validity of the Markovian approximation) and when
the electron spin is polarized primarily along the directions
transverse to the magnetic field (e.g., S| (Of) ~ 1), A5 and hence
y» become very large, leading to rapid flipping of the nuclear
spin. This behavior can be attributed to the fact that the electron
spin flips more easily when it is polarized transversely to the
B field since in this case hyperfine flip-flops do not violate
energy conservation. On the other hand, when the electron spin
is polarized along the magnetic field direction, flip-flops are
suppressed due to the large Zeeman energy mismatch between
the electron and nuclear spins.

Third, we point out the factor sin? % in Eq. (28), which
indicates the importance of the driving period relative to the
Zeeman frequency. In particular, we would like to address
why the rate is zero when the electron spin has a precession
period that is commensurate with the driving period, while
it is maximized when the precession period is a half-integer
multiple of the driving period. To understand this, we consider
a simple model in which the driving is a train of pulses, each
acting on one of the two electron spin states along the magnetic
field, i.e., the eigenstates of the free electron Hamiltonian, and
exciting that state to an auxiliary, trion level. For concreteness
we choose to drive the spin-down state, || ). We consider the
simplest case of an instantaneous, resonant pulse, such that the
electron spin steady state in the absence of nuclei is simply
the other spin state, 1), i.e., S.; = S, = 1. Plugging these

values into Eq. (28) we obtain the simple expression A} =

A2 2w,,

e sin? 2</& Now we consider adding a nuclear spin in order

to see physwally the origin of this expression. In particular,
under the Heisenberg-type interaction, the evolution operator
of the two-spin system (electron and nuclear spin) after one
period is Uy (Tg) = e~ HoetHi))Tr,

We consider the two limiting cases mentioned above, T =
2nm/w, and T = (2n + 1) /w,. Expanding the correspond-
ing evolution operators to second order in A /w,, and applying
them to a state with S, ; = S, = 1 and an arbitrary nuclear spin
state, i.e., [1)(c4|1) + ¢, 1)) we obtain the following. When
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TR — 2nw

We

1) (cre o |4) + e |])), (29)

and when T = &b

W,

A i
—cpe e [)]1).
w,

e

cre T )I1) + e BN +
(30)

Comparing Egs. (29) and (30) we see that the first is a separable
state of the electron and the nuclear spin, while the second
contains entanglement. This showcases the importance of
entanglement in DNP, as discussed in Sec. III, and how it
manifests itself in the actual calculated nuclear relaxation rate.
Therefore, we can directly link the sine factor in Eq. (28)
to electron-nuclear entanglement and its crucial role in the
nuclear spin dynamics.

G. Nuclear polarization distribution

Once we have found the nuclear spin relaxation rate
and steady state, the nuclear spin-flip rates are given by
(see Appendix D for derivation and assumptions)

wi =7,(1+5)/2, (31)

where w (w_) is the rate to flip from down (up) to up (down).
More precisely, for a single nucleus we may write

dPT
dt

where Py is the probability that the nucleus is aligned with
the magnetic field and P, =1 — P, is the probability that
it lies antiparallel to the magnetic field. The flip rates will
generally be different, and they will be functions of the various
parameters in the problem, including the electron Zeeman
frequency w,.

Defining the difference in the number of spins pointing up
and down as m, the kinetic equation for the distribution of the
net multinuclear polarization m /2 is

dP N
(’") ~ —Z[ £(m) m}P(m)

N+
+ ; P(m +2)w=(m iZ)[Tm + 1], (33)

= —w_Py+w, P, (32)

where w4 (m) are the rates in the presence of nuclear polariza-
tion m /2. These are found by implementing the Overhauser
shift, i.e., taking

wi(m) =wi(w, > w, + mA/2). (34)

In Eq. (34) we have made the so-called “box model” approxi-
mation, which amounts to taking all the hyperfine couplings to
be equal. This approximation is valid when the electron spin
dynamics are rapid relative to the hyperfine scale N /.4 [39,53].
This condition is automatically satisfied whenever the driving
is fast compared to the electron spin decoherence, which is the
experimental regime we are considering. Note that although
we are setting all the hyperfine couplings equal, we are not
imposing the angular momentum symmetries associated with
the box model, which would restrict the nuclear state to
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its original total angular momentum subspace, limiting the
amount of nuclear polarization that can be generated. Here no
such limitation is present, and thus larger nuclear polarization
can be generated.

The steady state corresponds to having dP(m)/dt = 0,
which gives an equation connecting P(m) with P(m £ 2).
Rearranging terms, we can see that

m N+m
wy(m)P(m)— |:T+lj|w(m+2)P(m+2)

N—- N
- [Tmﬂ}w+(m—z)P(m—2)—¥w_(m)P(m)
holds, which implies that the expression
N—m N+m+2
wi(m)P(m) — ———w_(m + 2)P(m + 2)

2

is a constant. Since the full relation above is invariant with
respect to rescalings of P(m), we conclude that this constant
is zero. We then have
N — 2 -2
Pmy= N _—mETIwem =2,
N+m w_(m)

which can be solved iteratively by setting the first nonzero
entry, P(—N) to some arbitrary value and normalizing the
final result: ), P(m) = 1.

—2), (3%)

H. Feedback on electron spin

Having obtained the nuclear polarization distribution for
the net multinuclear spin system, we can calculate the updated
electron SV by performing the Overhauser shift, i.e., shifting
the Zeeman frequency by m A /2 and averaging over m:

N

Sei = Z dmP(m)S, (w. + mA/2). (36)

m=—N

In Eq. (36) it is understood that S,; = Sioio). The quantity
that is usually measured experimentally in self-assembled
QDs is the component of S, that is parallel (or antiparallel)
to the pulse propagation direction. Below we derive an
explicit form for this quantity for the pulsed mode-locking

experiment.

VI. APPLICATION TO MODE-LOCKING EXPERIMENT

In this section we apply the formalism developed above to
the case where there is one fast circularly polarized pulse per
period, as depicted in Fig. 1. There is a magnetic field pointing
in the plane of the QD, perpendicular to the pulse propagation
direction (the so-called Voigt geometry). This is the experiment
by Greilich et al. [4], where the periodic pumping of an
ensemble of singly charged electron dots was shown to modify
the nuclear spin environment in these dots, an effect manifested

A [ .

FIG. 1. (Color online) Pulse sequence for the mode-locking
experiment.
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in the measurement of the electron spin. In particular, there was
a nuclear-induced “push” of the electron Zeeman frequency
towards those frequencies that were commensurate with the
pulse train period. As a result, the ensemble obtained higher
electron spin polarization than what one would expect in the
absence of the nuclear feedback. In this experiment, resonant
pulses of approximately 7 area were used, meaning that the
population transfer from the electron spin state to the optically
excited trion state by the pulse was maximal. It was later shown
by Carter and collaborators [40] that when detuned pulses are
used instead, richer physics emerges as a result of the interplay
between coherent and incoherent pulse-induced dynamics. In
particular, the detuning causes a nonzero steady-state electron
spin component along the magnetic field axis, which in turn
renders the nuclear flip rates directional, an effect absent in the
resonant case of Ref. [4]. Here we treat the general case, where
there is a nonzero detuning. We follow the steps analyzed in
the sections above for this particular example.

A. Electron spin Kraus operators

The first step is to find the Kraus operators describing the
electron spin evolution due to a single pulse and the subsequent
spontaneous emission. The Hamiltonian for an electron in a
magnetic field along the z axis, in the absence of nuclear spin
interactions and in the presence of a train of left-circularly
polarized pulses is

H, = 08; + ef|THT |+ Y _ Qt — kTp)|x)(T| + Hee.
k

(37

Since the g factor of the hole along the z axis is negligible,
the trion state with the opposite spin is ignored. Note that
as a result of polarization selection rules, the pulse only
couples state |x), the state with the electron spin pointing
antiparallel to the pulse propagation direction, to the trion
state |T) with angular momentum projection —3/2 along the
x axis. In the rotating wave approximation, the coupling to
the pulse is Q(t —t,) = Q, f(t — 1,)e’“C~"). The radiation
field will be included in the form of Lindblad operators. We
take the pulses to be the fastest time scale in the system,
i.e., much faster than the Zeeman precession period and the
spontaneous emission time scale. This allows us to treat
the pulse as acting instantaneously on the two-level system
(composed of |&) and |T')) only. This is a good approximation
for these types of ultrafast experiments, where picosecond,
or even subpicosecond, pulses are used. Then we find the
Kraus operators in two steps. First we consider the coherent
effects, i.e., the excitation (and possibly stimulated emission)
by the pulse, and treat the resulting state in the three-level
Hilbert space as the input to the remaining terms describing
spontaneous emission in the presence of the external magnetic
field. Defining the evolution operator due to the pulse in the
|x), |%), |T) basis as

Up =0 Uxx —uk s (38)
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the density matrix of the three-level system right after the pulse
is

Pxx pru;fc loxfcu;i'i
R=UpR0U;= PxxUszz ,Oxx|uxx|2 p)‘:xu%ufx
PixUTe  PizlicUTs Pxx|”fx|2
R, Ry R,
=|R, R, R, (39)
Rz, Ry Rz

Note that the expressions in Eq. (39) are in the pulse
propagation direction basis, x, and not in the energy eigenbasis.
We make this choice due to the simplicity of the expressions
coming from the optical selection rules. Subsequently, R
evolves under the magnetic field and the vacuum radiation
field as

R = i[R,w.S.] + L(R). (40)

Switching to the interaction picture with respect to the Zeeman
Hamiltonian, the following equations describe the evolution of
the relevant matrix elements for the 2 x 2 spin subspace [46],

v

xx = YRyp(1 — cos w,t),

& =V Rp7(l 4 cosw,1), (41)

v

Rrr = =2y R,

=

xi = IV R77 sin w,t,

where R is the density matrix in the interaction picture.
Equations (41) include the so-called spontaneously generated
coherence effect [45—47], which results from the fact that due
to polarization selection rules, spontaneous emission couples
state |T') to |X) only [although spontaneous emission together
with precession leads to some population decaying to |x) as
well, as seen in the topmost equation of Egs. (41)]. This effect
is significant when the Zeeman frequency, w,, is smaller or
comparable to the relaxation rate, y. From the last equation
we readily obtain

Rir = Rjpe™?, 42)
which then allows us to find the matrix elements in the spin
subspace by a simple integration. Doing that and taking the
limit £ > y~! we find

~ w?

Ro=R +—— 2 R 43
xXx 2(4y2 +0)3) TT ( )

Ree= R+ [ 22+ My, (44)
XX 4]/2 +wg 2 TT
5 / . Y We /
ij = Rx)? + l—4y2 T a)g RTT' (45)

Notice that the degree of spin polarization depends on the ratio
w./y, as was discussed in detail in Ref. [46]. In our previous
work [39], we considered the high magnetic field limit; i.e.,
we assumed w./y >> 1. In that limit Eqgs. (43)—(45) above
simplify and the coefficients of R’ are 1/2 for (43) and (44)
and zero for (45). Here we relax that assumption to account
for low- B fields.
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Combining Eqgs. (39) and (43)—(45) we obtain for the spin
density matrix in the laboratory frame after the pulse and
spontaneous emission

LA (46)
————|usz|" Pxx,
2(4)/2 +wg) Tx pxx
o
4y? +

ok . Y @We
Pxz = Pxxlzz +1 (47/2 + wg)

/

Pxx = Pxx +

1
P,/zx = ,0)?)?|Mxx|2 + |: + Ejl|uf;r|2,0;;, “7

luzel* prs. (48)

where we have used that 5j; = p/;. Using the unitarity of
U,, ie., setting lugz|*> =1 — |ugz|> and by inspection of
Egs. (46)—(48), we obtain the Kraus operators in the laboratory
frame (x basis),

£ — 1 0 £ — 0 a, Ev— 0 O 49)
1 = 0 q ) 2 = O —a ) 3 = O P 9
where
q = Uzz = qvei¢1 (50)
(1-4)
= w, —", 51
a =w 2y + ) (51
. 1—q;
w@=irV2 | (52)
K= \/1 —q2—a} — |a)?. (53)

In the limit w, > y, where the spontaneously generated
coherence effect is negligible, we have a, — 0 and a;,x —
V(1 —¢g2)/2, so that we recover the Kraus operators from
Ref. [39].

Here it is important to clarify a point of potential confusion.
In deriving the above Kraus operators, we assumed y Tg > 1,
so that the trion decays completely back to the electron spin
subspace within a single period. Therefore, setting y = 0 in
the Kraus operators does not correspond to the absence of
spontaneous emission, but instead it corresponds to neglecting
spontaneously generated coherence, i.e., to the case of equal
decay to both electron spin states. In what follows, we see that
the ratio y/w, plays an important role in the generation of
DNP.

The matrix elements of U, are functions of the pulse-system
parameters, namely the Rabi frequency, the detuning, the
bandwidth and the pulse shape. For example, in the case where
the pulse has the shape of the hyperbolic secant, which is
analytically solvable, the matrix element uz; has the explicit
form [54]

I'(c)?

uzz = F@a, —a,c*,1) = ————
I'lc—a)'(c+a)

(54)
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where F is Gauss’s hypergeometric function, I' is the I'
function, and a = ,/0 and ¢ = 1/2(1 +iA /o), with €,,
A, and o denoting the Rabi frequency, pulse detuning, and
bandwidth, respectively. In this case, the Kraus parameter g,
can be expressed as

Go = luzsz) = \/ 1 —sin2(7Q,/o)sech’(w A /20).  (55)

In principle, g, and ¢ can be computed for any pulse shape;
thus we continue to express results in terms of these parameters
for the sake of generality.

The quantities g, and ¢ are two of the key parameters of
the theory. Physically, 1 — g2 is the fraction of population that
moves from the electron spin state |X) to the trion state |T),
while ¢ is the angle about the x axis by which the pulse rotates
the electron spin, with its sign coinciding with that of the
detuning, A.

J
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B. Electron and nuclear spin steady states
and nuclear relaxation rate

Transforming the Kraus operators of Eq. (49) to the z basis
and using Eqgs. (13) and (14), we find

K, = [alz —iayap O],
(56)
1—a? 0 0
Y. =| iaqia; qoCOSP  —q, sin ¢
0 gosing g, cos¢

Combining these results with the evolution operator describing
precession between pulses,

cos(w,Tg) —sin(w,Tg) O
Y, = | sin(w,Tg) cos(w.Tg) O], 67
0 0 1

we obtain the electron steady state right after each pulse from
the formula, S = (1 — Y,Y,,)"'K,, with

aila1go(go — cos ¢) cos(we Tg) — iar(g, cos ¢ — 1) sin(w,Tg) — a1g, cos ¢ + a1}

500 =

(af + g2 — 1) cos(w. Tg) — aiq, cos pliay sin(w. Tr) + a; cos(w, Tr) + ar] + iaja sin(w. Tg) + (af — 1)g2 + 1’
ai(ai1qo(cos ¢ — q,) sin(w,Tr) — iaz(q, cos ¢ — 1)[cos(w.Tr) — 1])

ey = (a} + g2 — 1) cos(w. Tg) — a1q, cos pliaz sin(w. Tr) + a; cos(w, Tr) + ar] + iaja sin(w. Tg) + (af — 1)g2 + 1’

aiq, sing(a; sin(w, Tg) — iar(cos(w,Tg) — 1))

Note that the steady state undergoes Larmor precession during
each period and that the state at any point during the period can
be obtained by evolving the above expressions using Eq. (57).

At this point it is useful to verify the separation of
time scales necessary for the validity of the Markovian
approximation discussed in Sec. V D. In particular, we want
to show that the time it takes for the electron spin to reach this
steady state, which we define as t,, is small compared to the
typical decoherence time. As in the case of the nuclear spin
(discussed in Sec. V D), we can obtain t, from the eigenvalues
of 1 — ),. In the special case of resonant i pulses, g, = 0, we
obtain the analytical expression

. 2Tg (a)i + 4)/2)
N 2(503—1—4)/2)—(603—{—8)/2) cos(w, Tp)+2y w, sin(w, Tg)

From this expression, it is clear that the slowest relaxation
times occur when the frequency is commensurate with
the pulse train period. In that case we obtain 7, - (2 +
8y2/w2)Tk. We have also checked that a similar time scale
holds for other values of g, < 0.5. In Fig. 2 we plot the
SV components as functions of the coarse-grained time for
qo = 0.3 and also show the trend for the coarse-grained
evolution of the electron spin x component as a function of
q,- From these figures, it is evident that the electron spin
reaches its steady state after only a few periods. For typical
pulse periods Tg ~ 10 ns, we have t, < 100 ns, which is well
below typical decoherence times of several microseconds,
justifying the use of a Markovian approach. For values of

(af + g2 — 1) cos(w. Tg) — a1q, cos pliay sin(w. Tr) + a; cos(w, Tr) + ar] + iaja sin(w, Tg) + (af — 1)g2 + 1

(58)

(

qo 2 0.5, it is apparent from the bottom panel of Fig. 2 that
the electron spin reaches its steady state sufficiently slowly
that the validity of the Markovian approach is questionable.
This highlights the intrinsic connection between the smallness
of g, and Markovianity, which was pointed out in Ref. [39].
For the numerical results we present below, we use g, = 0.3,
a value which is both well within the Markovian regime and
also large enough that coherent effects due to the pulses are
significant.

C. Nuclear steady state and relaxation rate

Given expressions (58) for the electron steady state, we
can compute the nuclear spin steady state and relaxation
rate from Eqs. (27) and (28). The nuclear relaxation rate
vn = A3/ Tg is shown in Figs. 3(a) and 3(b) as a function
of the electron Zeeman energy. It is apparent from the figures
that this rate becomes larger as the Zeeman energy decreases.
This trend is due to the fact that the electron spin flips
more easily with nuclear spins when its Zeeman energy is
smaller, leading to faster relaxation. Figures 3(c)-3(f) reveal
that this feature of y, carries over to the difference of the
single-nucleus spin flip rates, wi, even though the nuclear
steady state is larger at higher magnetic fields. As we see
in the next section, this difference in flip rates leads to a
nonzero average nuclear spin polarization at lower magnetic
fields. Note that in Fig. 3, we have taken the rotation angle
to be ¢ = —m /2. Reversing the sign of ¢ changes the sign
of S and hence the sign of wy — w_. Thus, the sign of
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FIG. 2. (Color online) Coarse-grained electron spin evolution for
Tr = 13.2ns,y = 0.5 GHz, ¢ = —n /2. (Top) All three components
(lines, top to bottom: S, ;,S,.,,S. ;) for g, = 0.3; (bottom) S, , for
q, = 0,0.1, ...,0.9 (lines, top to bottom).

the nuclear spin polarization depends directly on the sign
of ¢.

It is also apparent from Fig. 3 that y,, and hence the flip-rate
difference periodically go to zero. This behavior stems directly

2.0 (a) 2
T ~ (b)
S 1.5 < -4
§ 1.0 2 6
= 2
=05 = _g
0.0 | “10
0.0 05 10 15 20 25 0 50 100 150 200 250 300
w, (GHz/27) w, (GHz/2m)
0.2 1.0
(©) (d)
0.1 0.5
-0.1 -0.5
-0.2 -1.0
00 05 1.0 1.5 2.0 25 0 50 100 150 200 250 300
w, (GHz/2n) w, (GHz/2n)

6
— € —~
55 @] = ®
a &
54
<3 &+
o 2
12 3
1 &
0

00 05 1.0 15 20 25
w, (GHz/2n)

0 50 100 150 200 250 300

w, (GHz/27)

FIG. 3. (Color online) (a), (b) Nuclear relaxation rate, (c), (d)
steady state, and (e), (f) difference of single-nucleus flip rates versus
electron Zeeman energy for Tx = 13.2 ns, NA = 12.5 GHz, N =
3000, y = 0.5 GHz, ¢o = 0.3, ¢ = —1/2, w, = 0. The expression
(GHz/27) in the units of w, is equivalent to radians per nanosecond.
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from the sine factor in Eq. (28), which vanishes when the
Zeeman precession period is commensurate with the pulse
period. When this condition is satisfied, the electron spin is
polarized along the x direction when the pulse arrives and
is thus unaffected by the pulses, removing the mechanism
through which the nuclear spin attains its steady state and
leading to y, = 0. This feature of y, plays a central role in the
frequency focusing effect, as is explained in the next section.

It should be mentioned that since the results shown in
Fig. 3 were obtained using a perturbation theory that assumes
A/w, > 1, we cannot trust the results for values of w, very
close to zero. For the parameters used in the plots, this implies
that perturbation theory is valid for w, >> 0.026 rad/ns. This
condition should also be kept in mind below when we include
the Overhauser shift to obtain the effective electron Zeeman
frequency, which must satisfy the same condition. For the
external magnetic fields we consider and Overhauser shifts
we calculate, this condition is satisfied for all the results we
obtain in the paper.

D. Incorporating multinuclear effects:
Self-consistent Overhauser shift

Using the flip rates for a single nuclear spin obtained in
the previous section, we shift the electron Zeeman frequency
by the Overhauser field as described by Eq. (34) to obtain flip
rates that take into account the effect of the full nuclear spin
bath. We then feed these flip rates into the recurrence relation,
Eq. (35), that defines the steady-state solution of the nuclear
polarization rate equation (33). We solve this recurrence
relation numerically for small (B = 0.1 T) and large (B = 6 T)
values of the magnetic field and for three different values of
the pulse rotation angle ¢ (0, &= 7 /2). We choose the electron
g factor to be such that w,/B = 7.14 GHz/T, so that the two
values of B we consider correspond to w, = 4.5 rad/ns and
w, = 269.2 rad/ns. The results are shown in Fig. 4.

Each panel of the figure clearly shows that the polarization
distribution generally exhibits a series of equally spaced
peaks. The spacing is given by Am = 4/(ATg) and is a
direct manifestation of the frequency focusing phenomenon
described in Ref. [4] in which the nuclear polarization builds
up in such a way as to shift the electron Zeeman frequency to
values commensurate with the pulse frequency. In particular,
the polarization peaks are located at values of m such that
(w. + Am/2)Tg is an integer multiple of 2. The physics
leading to this effect is as follows: An electron spin with
Zeeman frequency w, # 2mn/Tg will undergo dynamics that
cause the nuclear spins to flip; see Eq. (28). Through this
process, the Overhauser shift will alter the dynamics of the
electron spin itself, until the shifted electron Zeeman frequency
satisfies the relation w, = 2mn/ Tk, at which point the process
stops since the nuclear spin flip rates vanish at these values of
w,. Therefore, there is a tendency for the system to synchronize
with the pulses, leading to the sharp, equally spaced peaks
of Fig. 4. This comblike structure can, in fact, be derived
analytically by taking the continuum limit of the kinetic
equation, as shown in Appendix E. While the variance of the
full distribution is comparable to that of a thermal state, each
peak is substantially narrower, and this should lead to longer
coherence times for the electron spin.
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FIG. 4. (Color online) (a)—(f) Nuclear spin polarization distribution for 7 = 13.2ns, NA = 12.5 GHz, N = 3000, y = 0.5GHz, ¢, = 0.3,
w, = 0 for various magnetic fields and rotation angles. Note that several of the peaks extend well beyond the vertical range displayed. (g)

Magnification of (a), (b), (c). (h) Magnification of (d), (e), (f).

This focusing effect arises directly from the sine factor
in Eq. (28) and is independent of whether w, is larger or
smaller than w_. However, this effect can either be enhanced
or reduced depending on the behavior of w; — w_ in the
vicinity of the synchronization points:

Wy — Wo = y,Qrn/ T + 8w,)Se Y 2nn/ Tk + Sw.)

A%T3q, si
~ R0 SN ¢ Sa)g’. 59)
872(1 + g2 — 2g, cos ¢)

Consider first the case ¢ < 0. In this case, when dw, > 0,
we have w; < w_, so that there is a tendency to generate
negative nuclear polarization. This negative polarization will
shift w, toward smaller values via the Overhauser shift. On the
other hand, when dw, < 0, we have w, > w_, and positive
polarization is produced, shifting w, toward larger values.
Thus, we see that when ¢ < 0, the commensurate values
w, = 2mn/ Ty are stable fixed points, and nuclear polarization
forms in such a way as to drive the effective electron Zeeman
frequency toward these values, further enhancing the sharp,
evenly spaced peaks in Fig. 4. This enhancement is particularly
evident in the feedback effect on the electron spin that will be
examined in the next section.

When ¢ > 0, we have the reverse situation, where now
positive deviations dw, > 0 lead to positive polarization and
negative deviations to negative polarization. Therefore, in
this case, the commensurate values w, = 2mn/Tg become
unstable fixed points, with a nuclear polarization-driven
repulsion of the effective w, away from these points. This
“antisynchronization” effect is evident in Figs. 4(a) and 4(g),
where the curve corresponding to ¢ = /2 exhibits additional,
broad peaks centered between the narrow peaks. This effect
was first studied theoretically and experimentally in Ref. [40].
In this regime, one might be tempted to say that there exists
a stable stationary state between two adjacent, repulsive
commensurate points; however, such a state would only be
approximately stationary. This is because the nuclear spin-flip
rates are nonzero for all values of the electron Zeeman
frequency between the two commensurate points, implying

that the state continues to evolve. Since this evolution is
constrained by the two repulsive fixed points, we envision
the state as going back and forth between them, such that
the system spends more time at the half-commensurate points
on average, leading to an approximate stationary state there.
This is to be contrasted with the truly stable fixed points
that occur at the commensurate values when ¢ < 0. At these
points, the nuclear flip rates are precisely zero, signifying a real
stationary state. Both synchronization and antisynchronization
peaks appear in Fig. 4(a) since the ¢-independent focusing
effect in which nuclear spin fluctuations randomly shift the
electron Zeeman frequency to commensurate values is still
present.

It is also apparent from Fig. 4 that the polarization
distribution P(m) is centered around nonzero polarizations
when B = 0.1 T and ¢ is nonzero. Figure 4 further reveals
that the sign of the net polarization that occurs at low
magnetic fields is opposite to the sign of ¢, as was anticipated
in the previous section. The values ¢ = +m/2 chosen for
the figure give rise to maximal values for the polarization;
the magnitude of the polarization increases steadily up to
¢ = £ /2, and beyond these values, the polarization steadily
decreases, returning to values close to zero at ¢ = £m. In
Fig. 4, it is also clear that the net polarization is significantly
reduced at large magnetic fields even for ¢ = £ /2. This trend
is more explicit in Fig. 5, where we plot the average nuclear
polarization, m = ), m P(m), as a function of magnetic field.
This figure shows that the DNP is largest at low magnetic
fields and is suppressed at high magnetic fields. This behavior
originates from the phenomenon of spontaneously generated
coherence, which are discussed in detail in Sec. VIF.

E. DNP feedback on electron spin

Having calculated the nuclear spin distribution, we proceed
to find the feedback on the electron steady state. The total nu-
clear polarization shifts the Zeeman frequency of the electron
spin, and the features of the nuclear distribution described
in the previous section are therefore anticipated to appear
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FIG. 5. (Color online) Average nuclear spin polarization versus
magnetic field for Tx = 13.2 ns, NA = 12.5 GHz, N = 3000, y =
0.5 GHz, ¢, = 0.3, w, =0, and (a) p = /2, (b) p = —7/2.

in the final electron spin steady state. Using the expressions
for the electron spin components, Eqs. (58), we average w,
over the distribution P(m), as explained in Sec. VH. The
resulting electron SV is shown without and with feedback for
¢ =0 in Fig. 6, and for ¢ = +7/2 in Fig. 7. From these
figures it is evident that the SV components oscillate rapidly
as functions of magnetic field and that the amplitude of these
oscillations is dramatically reduced when nuclear feedback is
included. Furthermore, we see that the x component of the
electron SV tends to 1, while the y,z components tend to O.
This shows that the nuclear polarization is built up in such
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FIG. 6. (Color online) Effect of nuclear feedback. Electron spin
steady state versus magnetic field for T = 13.2ns, NA = 12.5 GHz,
N = 3000, y = 0.5 GHz, ¢, = 0.3, w, =0, ¢ = 0. (Top panels)
Without nuclear feedback [Eq. (58)]; (bottom panels) with nuclear
feedback [Eq. (36)].
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a way that it synchronizes the electron spin with the pulse
so that its steady state at the time of the pulse is now fully
polarized along x. Note also the effect of synchronization and
antisynchronization (discussed in the previous section) in the
SV components. The nuclear feedback in both cases focuses
the electron Zeeman splitting through synchronization, but in
the case of ¢ = /2 the effect is weaker. This can be seen
more clearly in Fig. 8, where we have magnified the spin
components for all three cases, ¢ = 0, + /2, revealing an
increasing synchronization effect as we move from positive to
negative ¢. In particular, we see that in the case of positive ¢ the
amplitude of oscillation of the S, , component is significantly
larger as compared to zero and negative ¢’s.

F. Effects of spontaneously generated coherence

As mentioned above, our solution is valid throughout the
full range of magnetic field values, including the low magnetic
field regime, which was beyond the scope of our earlier
work [39]. This is achieved by taking fully into account the
phenomenon of spontaneously generated coherence (SGC),
which is present in these QDs and is most prominent at low
magnetic fields. The effect of SGC, first predicted theoretically
in the early 1990s [45] and about a decade later investigated
theoretically [46] and experimentally [47] in the context of
optically controlled QDs, amounts to a coherence term in the
decay equations driven by the spontaneous emission from the
excited level. Though this may seem counterintuitive at first, it
is not difficult to understand if we consider the limiting case of
zero magnetic field in our system. In that case, the only decay
process is from state |T) to |X) both in the laboratory and
in the rotating frame. Equations (41) then reduce to a single
nontrivial equation,

Rx; = ;Vi)? = 2y Ry7. (60)

This reflects the fact that in the B = 0 limit, state |x) is
completely decoupled from the dynamics. When the field is
switched on, Eq. (60) still holds in the laboratory frame, and the
additional terms in Egs. (41) arise from the transformation to
the rotating frame. We can understand intuitively the origin of
the SGC term from the fact that population terms in one basis
give rise to coherence terms in a different basis. Thus, in the
magnetic field basis z, the term R;; is a linear combination of
all four population and coherence terms R;; with i, j = |z),|Z).
Therefore, there is a coherence term generated by spontaneous
emission. This effect is independent of basis, and in the x basis
and rotating frame, it can be expressed as a coherence between
states |x) and |X), as seen in Eqgs. (41).

To discuss the effects this term has on the nuclear dynamics,
it is useful to first think of the effect on the electron spin
alone as compared to the absence of SGC. This was already
discussed at length in Ref. [46], but it is worth summarizing
that discussion here for the sake of completeness. First, by
inspecting the decay equations and their solutions, we can
immediately see that SGC has the tendency to create electron
spin polarization along the +y axis. This can also be seen
through a geometric picture of the spin as follows.The pulse
removes part of the SV pointing along —x (how much depends
on g, ). The SV that remains along x precesses about the z axis
counterclockwise. For concreteness, consider a mixed initial
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FIG. 7. (Color online) Effect of nuclear feedback. Electron spin steady state versus magnetic field for Tx = 13.2 ns, NA = 12.5 GHz,
N = 3000,y = 0.5GHz, g, = 0.3, w, = 0. (Top row) Without nuclear feedback [Eq. (58)] for ¢ = 7 /2 (the case with ¢ = —m /2 is essentially
the same); (middle row) with nuclear feedback [Eq. (36)] for ¢ = m/2; (bottom row) with nuclear feedback [Eq. (36)] for ¢ = —n /2.

state and a pulse that is close to =, i.e., g, ~ 0. There is it can be thought of as contributing small vectors that point
then a net SV component pointing along +x which begins toward —x, adding on to the “unexcited” part of the SV, which

to precess toward +y. As the spontaneous emission occurs, is now in the x,y > 0 quadrant. This process continues until
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FIG. 8. (Color online) Effect of nuclear feedback. Magnification of electron spin steady state versus magnetic field including nuclear
feedback for T = 13.2 ns, NA = 12.5 GHz, N = 3000, y = 0.5 GHz, g, = 0.3, w, = 0 for the three cases, ¢ =0, £+ 7/2. In the case
¢ = /2, the antifocusing effect is evident in the x component of the electron steady state, while the case ¢ = m /2 gives stronger focusing
compared to the ¢ = 0 case.
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FIG. 9. (Color online) Checking the effect of SGC. Total electron
steady-state SV (top panel) and z component (bottom panel) for
Tk =13.2ns,¢ = —m/2,and y = 0.5 GHz (solid), y = 0 (dashed).
For y = 0, there is no SGC.

the excited state has fully decayed. The spontaneous emission
in this case partially opposes the generation of coherence by
adding a coherent component along —x. However, the spin
component that is pointing along y is “protected,” and thus in
the rotating frame we can think of a net y component created
by the total process of excitation and spontaneous emission
including SGC.
The situation is more complicated when the pulse, in
addition to polarizing/depolarizing the SV, also rotates the
spin. This is the case when g, # 0,¢ # 0. The rotation is about
the x axis, so that the y component of the SV due to SGC is
rotated to z. As aresult, there is a persistent z component of the
SV in the general case when both SGC and the pulse-induced
rotation are considered. This effect is evident in the asymmetric
form of the z component shown in Fig. 9. The z component of
the nuclear spin is itself a monotonically increasing function
of the electron spin z component [Eq. (27)]. Therefore, SGC
has the effect of creating more nuclear polarization along z on
average, which in turn controls the relative size of the nuclear
spin-flip rates in the two directions (up to down vs down to
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FIG. 11. (Color online) Checking the effect of SGC. Average
nuclear spin polarization versus magnetic field for 7 = 13.2 ns,
NA =12.5GHz, N = 3000,y =0,g9, =0.3,w, =0,and ¢ = 7/2.

up). We therefore expect this to translate into a larger nuclear
spin polarization relative to the case of no SGC, which is what
we see when we compare Figs. 4, 5 and 10, 11.

G. Spin echo

We now examine how the nuclear feedback mechanism
is altered by the addition of an extra, unitary pulse in the
middle of each period, i.e., at a time interval T /2 from the
nonunitary pulse of the sequence. We specifically choose this
additional pulse such that it implements a & rotation of the
electron spin around the x axis. This can therefore be thought
of as a spin-echo sequence and the pulse as an echo pulse. It
is straightforward to include this pulse into our formalism by
replacing the unitary part of the evolution Ujs(Tg) between
pulses with

Unr(Tr /2R, () ® 11U s (Tr/2), (61)
where R, () = e~'™ denotes the spin rotation implemented
by the echo pulse. In this case, the steady state of the electron

spin turns out to be

S3E = (1,0,0). (62)
This steady state coincides with that of the synchronized spins
in the absence of the echo pulse, so one may be tempted to
think that the dynamics is trivial in the spin-echo case and that
no nuclear dynamics occurs. This is, in fact, false; the nuclear
dynamics and subsequent feedback mechanism turn out to be
distinct and interesting in the presence of spin echo.
Following the same steps outlined in Appendix A, we find
that the nuclear spin steady state is trivial, S,S"o) = (0,0,0),
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FIG. 10. (Color online) Checking the effect of SGC. (a)—(c) Nuclear spin polarization distribution for 7z = 13.2 ns, NA = 12.5 GHz,
N =3000,y =0,qg, =0.3, w, =0, B=0.1T for various rotation angles. (d) Magnification of (a),(b),(c).
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FIG. 12. (Color online) Effect of spin-echo pulse. Nuclear spin
polarization distribution for Tz = 13.2 ns, NA = 12.5 GHz, N =
3000, y =0.5GHz, ¢, =03, w, =0,¢ =0,and (a) B=6T, (b)
B=01T

while the nuclear spin-flip rates are

A?sin®(w,Tr/4)

63
T (63)

Wy =W =
This result clearly differs from what would be obtained from
Egs. (27), (28), and (31) if we were to set S, = (1,0,0), with
perhaps the most striking difference being the extra factor
of 1/2 in the argument of the sine. This indicates that the
synchronized electron Zeeman frequencies are no longer given
by 2nm / Tx but instead by 4nr / Tg. The physical origin of this
is that the evolution of the electron-nuclear spin entanglement
is modified by the echo pulse, and in particular it is no longer
the case that spins become disentangled after a time span
of 2 /w,; instead, this disentanglement occurs after a time
interval of 477 /w,. Therefore, if the nonunitary pulse is applied
at time t = 27 /w,, the residual entanglement will polarize
the nuclear spin, whereas if it is applied at t = 47 /w,, no
polarization is produced.

Using the rates from Eq. (63), we calculate the nuclear
spin polarization distribution, and the results are shown in
Fig. 12. As in the case without the echo pulse, we find that the
distribution exhibits a sequence of equally spaced peaks, this
time with a spacing period of Am = 8/(ATg), twice as large
as without echo. These peaks again indicate a focusing effect,
this time at the spin-echo-synchronized Zeeman frequencies,
4nm/Tg. Since w, = w_ regardless of the value of ¢ or
any other parameters, the physics of this focusing effect is
analogous to the ¢ = 0 case in the absence of spin echo.
The equality of the flip rates also means that the net nuclear
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FIG. 13. (Color online) Effect of spin-echo pulse. Average nu-
clear spin polarization distribution versus magnetic field for T =
13.2 ns, NA=12.5 GHz, N =3000, y =0.5 GHz, ¢, =0.3,
w, =0,¢ =0.
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spin polarization is minimal, as shown in Fig. 13. The fact
that w, = w_ allows for an explicit analytical solution of the
polarization distribution in the continuum limit, as shown in
Appendix E.

VII. CONCLUSIONS AND OUTLOOK

The field of nuclear spin control via the combination of
coherent and incoherent driving of an electron spin confined
in a QD, while very vibrant and rapidly growing, is still
at an early stage regarding a microscopic understanding of
the key fundamental processes that occur in these systems.
In this work, we presented a general formalism to treat the
generation of DNP and its feedback effects on the electron spin
both microscopically and self-consistently. Although these
experiments are quite complex, we showed that by taking
advantage of the separation of time scales that typically occur
in these experimental setups and by employing powerful tech-
niques from the field of quantum information, the theoretical
description cannot only be rendered tractable but can yield
analytical results that permit greater insight into the underlying
physics. In particular, our formalism reveals the crucial role of
electron-nuclear entanglement in the formation of DNP.

Our theory can be adapted, in principle, to any experimental
setup where the electron is driven while interacting with the
nuclear bath and with an additional reservoir. To demonstrate
our theoretical framework, in this paper we analyzed in
detail the mode-locking experiments in which the electron
spin is driven by a periodic train of fast circularly polarized
laser pulses. We showed that our theory reproduces the
main signatures of DNP in these experiments, namely the
synchronization and antisynchronization of the electron spin
precession with the pulse repetition rate. Furthermore, our
formalism predicts an enhancement of DNP at lower external
magnetic fields due to the phenomenon of SGC, an effect
that was not included in previous treatments of the nuclear
spin/DNP problem. In addition, we applied our theory to the
case where an extra spin-echo pulse is inserted between every
adjacent pair of mode-locking pulses; this insertion constitutes
the simplest implementation of dynamical decoupling in these
experiments. Our results predict that the inclusion of the
spin-echo pulse both modifies the synchronization condition
and significantly reduces the amount of DNP generated.

In this work we made certain assumptions and approxima-
tions. First and foremost, we exploited the separation of time
scales in this problem, which enabled a Markovian approach.
We argued that because processes leading to electron spin
decoherence were ignored, the Markovian approximation here
was actually more appropriate compared to a non-Markovian
treatment in which the full electron-nuclear spin correlations
are retained. This is because the decoherence is fast compared
to nuclear spin dynamics, implying that such correlations
will decay before they become significant. Moreover, since
the electron spin reaches its dynamical steady state quickly
compared to the decoherence time scale, the electron will tend
to remain in its steady state on average. These observations
together suggest that the primary source of DNP feedback on
the electron spin is through a modification of its precession
frequency due to the Overhauser field of the nuclear spins; this
is the type of feedback we have focused on in this work.
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A complete treatment of the full dynamics of this problem
would entail going beyond the Markovian limit by properly
taking into account electron spin decoherence at a microscopic
level. If this could be done, it would constitute an important
breakthrough as it would lead to a formalism capable of
describing any DNP experiment in QDs. However, this is
a challenging problem as it would require abandoning the
independent-nucleus approximation and including the full
effect of the nuclear spin ensemble in the calculation of the
electron spin steady state. Going beyond the independent-
nucleus approximation would also allow us to investigate the
role of internuclear spin entanglement in the generation of
DNP and in nuclear feedback effects. A promising approach to
achieve this would be to incorporate techniques from the theory
of generalized master equations [53] into our formalism.
These techniques are similar in spirit to the operator sum
representation employed in this work in that they can offer
a dramatic reduction in the effective size of the Hilbert space
without invoking additional assumptions or approximations.
We leave the development and exploration of this more
complete theoretical formalism to future work.
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APPENDIX A: NUCLEAR SPIN STEADY STATE AND
RELAXATION RATE FROM PERTURBATION THEORY

As discussed in Sec. V E, we can obtain analytical expres-
sions for the nuclear spin steady state and relaxation rate by
performing a perturbative expansion in the hyperfine flip-flop
interaction (retaining the Overhauser part of the interaction to
all orders). The first step is to expand ), in powers of the
hyperfine flip-flop interaction:

Vi =YO 4+ YV VD 4

A similar expansion can be performed for the effective 4D SV
of the nucleus:

Sn = 8,(,0) +S,51) +8,52) + .-

(AD)

(A2)

The goal of this appendix is to derive a formula for the nuclear
spin relaxation rate and zeroth-order steady state in terms of
the first three terms in the expansion of ), [Eq. (Al)]. The
key observation that facilitates this derivation is that to zeroth
order in the flip-flop term, the evolution of the nuclear spin is
simple precession, at most modified by the effective magnetic
field due to the electron spin component along the z axis (the
so-called Knight field). Thus, Y9 will have the general form

1 0 0 0
(0) (0)
yo- [0 Y o % o (A3)
0 Vi Y, 0
0 0 0 1

Here the first row is (1,0,0,0) because this is generally the case
for an evolution operator in the 4D SV representation. The
first column is (1,0,0,0) because no polarization is generated;
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the nuclear spin evolution is unitary at zeroth order. The
remaining 3 x 3 submatrix implements (modified) precession
in the xy plane. It will turn out that this generic form is already
sufficiently restricted that we can make substantial progress
without specifying the explicit expressions for the V), etc.,
or for y,(,') and yf).

The nuclear spin steady state is defined as the solution to
the following eigenvalue equation:

(ﬂ - yn)Sn = )\Sna (A4)

with A = 0. We have kept X in this equation since we will need
to consider nonzero eigenvalues as well in order to obtain
the relaxation time. Using the above expansions and equating
terms occurring at the same level, we find

(1-20)59 =0,
(1= YO)8D = (P +2,)S®,
(L=Y)S87 = 07 +22)87 + (" +21)S,".

In the first of these equations, we have taken the liberty of
setting Ao = O since the relaxation time will be related to the
smallest eigenvalue of 1 — )/,. More specifically, it is apparent
from Eq. (A3) that at zeroth order, two of the eigenvalues of
1 — YO vanish, so that we have a degenerate perturbation
theory. One of these eigenvalues will remain zero at all
orders of the perturbative expansion, and the corresponding
eigenvector is the effective steady state of the nucleus. The
second zero eigenvalue will receive corrections at higher
orders. Since these corrections will be proportional to the
hyperfine coupling, this will then correspond to the smallest
nonzero eigenvalue of 1 — ), when the coupling is sufficiently
small.

The first equation in (AS5) states that the zeroth-order
eigenvectors S\ with vanishing eigenvalues live in the null
space of 1 — Y. It is clear from Eq. (A3) that the null
space of 1 — y,g‘” is spanned by the vectors vy = (1,0,0,0)
and v; = (0,0,0,1). Since the first component of the steady
state S, ;s must be fixed at 1 [see the discussion following
Eq. (17)], we may write for the zeroth-order steady state

SO =(1,0,0,6),

n,ss

(AS5)

(A6)

where £ is a constant. The fact that the value of & is not
determined by the zeroth-order equation means that in the
absence of hyperfine flip-flops, the nuclear spin steady state
is not unique and depends on the initial state. When hyperfine
flip-flops are included by taking into account the higher-order
equations in (AS5), the value of £ becomes fixed, and the steady
state is unique. To see this, we need to solve both the first-order
and the second-order equations in (AS).

Consider the first-order equation in (A5). We can dot both
sides of this equation by the vectors vy and v; to obtain

(P +211)SP =0, vi(YP+r)SP =0 (A7)

It is generally the case that the components V') and Y(!), are
zero, so that voYVvy = v Y Vv = 0, implying A; = 0. The
reason yfl}())o vanishes is due to the requirement that ), oo = 1,
which must hold for all evolution operators in the 4D SV
representation, and which is already satisfied by y,(,?())o. The
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component y,g}gz vanishes because populations are unaltered
in first-order perturbation theory. Since A; = 0, the relaxation
rate will be at least second order in the hyperfine coupling. It
is not difficult to directly solve the first-order equation in (AS),

with the result
SV = p1+buy, (A8)

where p; is a vector of the form p; = (0, p12, p13,0), which
can be obtained explicitly from the formula

1 0 0 0
0 X Xy "
P11 = O X X O yl’l (1507055)’ (A9)
yx yy
0 0 0 1
where the 2 x 2 matrix X is defined as
—1
1—)O Yo ]
X = X Ly . (A10)
0 0
[ yi(l,;’x 1- yi(l,;’y

It should be noted that p; is a function of the constant &. The
additional constant b appearing in Eq. (A8) is arbitrary. We
do not include a term proportional to vy as well because this
would violate the constraint that the first component of the 4D
SV is fixed to 1 since we have already set the first component
of the zeroth-order steady state, S\, to 1.
Dotting both sides of the second-order equation in (AS5) by
V] gives
uVpr + v (VP + 2)SP = 0. (A11)
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This equation has two solutions:

S© =(1,0,0,6%), xr =0, (A12)

and
SS9 =(0,0,0,1), 1, =A}. (A13)

The first solution, Eq. (A12), is the nuclear steady state SV,
while the second solution, Eq. (A13), gives the nuclear spin
relaxation rate (the rate at which the nuclear spin reaches its
steady state):

Vn = k;/TR-

As we anticipated, the nuclear spin steady state is unique in
the presence of hyperfine flip-flops. The explicit expressions
for £*,15 depend on the particular control sequence.

(Al4)

APPENDIX B: EFFECTIVE NUCLEAR SPIN EVOLUTION
TO SECOND ORDER IN HYPERFINE FLIP-FLOPS FOR
SINGLE-PULSE-PER-PERIOD DRIVING

As explained in the previous Appendix, the effective nuclear
spin evolution operator in the SV representation can be
expanded to second order in the hyperfine flip-flop interaction:

Yo=Y+ Y+ VP4 (BI)

In this expansion, we are working in the Markovian limit, and
we are retaining the Overhauser part of the interaction to all
orders. The explicit form of the zeroth-order evolution in the
case of a single pulse per driving period is

1 0 0 0
YO _ 0 cos (222) cos (Trw,) — sin (222) sin (Trw,) Se..  —cos (A22) sin (Trw,) — cos (Tgw,) sin (422) S, . 0
" 10 cos (4%2) sin (Trw,) 4 cos (Tra,) sin (422) S, . cos (422) cos (Trw,) — sin (428) sin (Tgwy) Se. O |
0 0 0 1
(B2)
and the nonzero components of the first- and second-order contributions are
y<‘> _ A sin (%) sin [%TR(a)E — a),,)]{Se,x cos [%TR(a)e + a)n)] — S,y sin [%TR(a)e + a)n)]}
n,x0 — ®e — Wy ’
Y A cos (%) sin [%TR(we — wn)]{Se,x sin [%TR(a)E + a)n)] + S,y cos [%TR(a)e + w,,)]}
n,xz — We — Wy ’
y(” _ Asin (%) sin [%TR(a)e — a)n)]{Se,x sin [%TR(a)e + w,,)] + S,y cos [%TR(a)e + a),,)]}
" s | (B3)
e A(1 + ¢iATr)e=3iTr(A+octon) gin [3TR(@e — @)][(Sex + iSe,y)e TR@Fe) 8§, —iS, ]
myz T 4w, — wy) '
y(l) - _ A{_Se,x COS[TR(we - wn)] + Se,y Sin[TR(we - wn)] + Se,x}
et 2(we — wy) '
y(1) _ A(Se,x Sin[TR(we - wn)] + Se,y{COS[TR(we - wn)] - 1})
nzy — ’

2(we — wy)
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(2) A2 . ATR . .
Vixx = 7751 Se.zsin | —— J[Tr(@e — @,) cOs(@, Tg) — sin(w, Tg) + sin(w, Tg)]
4 we—wn) 2
AT,
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ATy
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APPENDIX C: NUCLEAR SPIN STEADY STATE AND RELAXATION RATE FOR SINGLE-PULSE-PER-PERIOD DRIVING

In the case of driving with a single pulse per period as considered in Sec. VF and which is relevant for the mode-locking
experiments analyzed in detail in Sec. VI, the explicit forms of the nuclear spin steady and relaxation rate for arbitrary nuclear
Zeeman energy w, are

S,EOO) = (]’07055*)7 Yn = )‘;/TRs (Cl)

with
2

M
: Hwe — a)n)2

2-F/G), (C2)

where

) ATy ATy
C = _2eiTr(A+®)) {2(52 + 52) sin ( > ) sin(w, Tg) + Se ZI: (52 _ 1) cos(ATg) — 4 cos < 2 ) cos(w, Tg) + 52 + 3]}

(€3)

D = [(Se,z _ Z)Se,z _ S€2 + 2]e%iTR(A+4wn) + 2(_253’1 + Sez _ 3)eiTR(A+wu) + [Se,Z(Se,Z + 2) _ S€2 + 2]e%iTR(3A+4w,x)

e ATR[(S, . = 2)S,. — S 4+ 2] + e ATR[S, (So. +2) — 82 + 2] + (82 — 1)/ TeCAten (52— 1)elnTr, (C4)
2 1 2 1
F=2(& - 1S, cos ETR(A —2wy,) | +2(5 + DS, | cos ETR(A + 2w,)
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) ATg ) >
—2cos | —— cos(w. TR)[£S; —2] — 28, | [coS(ATR)(E — Se.x) + Sez + &1

. [ ATRY\ .
+2cos[Tr(we — @)1[ES2 | + Se(S7 1 — Se.2) — 3] + 2sin (TR) sin(w, Tr)(S2 | —2S..2). (C5)

. ATr\ . 2 2 ATg
G = —48S, ;sin - sin(w, Tg) + (Se’z — 1) cos(ATg) — S, +4cos - cos(w, Tg) — 3. (C6)

In the above expressions, we have compressed the notation for
the electron steady state Sg’io) — S, for the sake of brevity,
and we have defined S? = S, + 52 + S2_.

APPENDIX D: DERIVATION OF FLIP-RATE EXPRESSION

At leading order in the hyperfine coupling, the nuclei are
essentially independent of each other, and we may estimate
the flip rates by using the solution we have obtained for the
single-nucleus problem. For a single nucleus, we may write

4Py P+ w,P
— = —w_ w ,
7 WPy

where Py is the probability that the nucleus is aligned with
the magnetic field and P, = 1 — P; is the probability that it
lies antiparallel to the magnetic field. In terms of the nuclear
SV component along the magnetic field direction, S, ., these
probabilities are given by

(D1)

Pr=3(1+582, P =301-S.. (D2
Therefore, we have

d

ES"'Z =—(Wr+w_)S, . +wy —w_. (D3)
The solution to this equation is easily obtained:

Sy .(t) = [SM(O) - u]e-WW p YW
Wi + w_ Wi +w_
(D4)

We may then compute the flip rates w by comparing this with

our coarse-grained solution from Eq. (25):
Sa(1) = ¥ D1TrS, (). (D5)

To facilitate the comparison, we expand the initial state as a
linear combination of the eigenvectors of 1 — ),:

3
S:(0) =88+ V.

i=1

(D6)

Here we have set the coefficient of the steady state S to
1 since the first component of S,(0) must be 1, and the first
component of S is already 1. (Consequently, it must be the
case that the first components of each of the V; are all zero.)
Plugging Eq. (D6) into Eq. (D5), we find

3

Su(t) =S+ > e TR, (D7)
i=1

where the pu; are the eigenvalues of 1 — )/, corresponding to

the V,.

(

At this point, we use the fact that the null space of 1 — y,g‘)) is
twofold degenerate and spanned by the vectors vy = (1,0,0,0)
and v; = (0,0,0,1), as discussed in Appendix A. Two of the
four eigenvectors will therefore have a vanishing eigenvalue at
zeroth order in perturbation theory. One of these eigenvectors
is the steady state S, and we choose the other to be V.
This immediately implies that the steady state has the form
S,(lo") = (1,0,0,&%), while V53 = (0,0,0, 1) at zeroth order since
the first component of S,(loo) is 1, while that of V5 has to be zero.
Since the null space is orthogonal to the row space spanned
by V) and V,, these vectors must be orthogonal to vy and v; at
zeroth order and therefore do not have z components at zeroth
order. Taking the z component of Eq. (D7), we find that the
zeroth-order nuclear spin z component is given by

S (1) = S + cze Tk,

n,z

(D8)

Identifying w3/ Ty as the nuclear spin relaxation rate y,,, and
rewriting c3 in terms of the initial value S, ;(0), we have

Spz (1) = [85,2(0) — S ]e™ " + 52, (D9)
Comparing this equation with Eq. (D4) gives
wie =y,(1£8)/2, (D10)

which is quoted in Eq. (31).

APPENDIX E: CONTINUUM OF RATE EQUATION

Starting from the recursion formula for the nuclear spin
polarization distribution,

N-—-m+2w,(m—2)

Pm) = N+m

o) P(m —2), (ED)

we can take the continuum limit by rewriting this as

w_(m+2)P(m +2) — w_(m)P(m)
N —m

Defining the function ®(m) = w_(m)P(m), we can interpret
the left-hand side as the derivative of @ in the continuum limit:

1 N—-—m wy(m)
2[ B

d'(m) = < N tmt2w m) I]CD(m). (E3)
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This equation is easily integrated, with the result

®(m) = Cexp 1/"1 dm’ N—m' wy(m) 1|t.
2 /)N N+m +2w_(m)

(E4)

The constant C is determined by the normalization of P(m):

m / —m’_wi(m) -
o |:Z exp {% SOy dm [N]Yrm’JrZ weo) 1]}:| . (BY)

w_(m)

m
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In the special case where the flip rates are equal, w(m) =
w_(m), the polarization distribution reduces to
27lm=NCe™m=N(2 + m + NIV

P(m) = o) . (E6)

It is clear from this expression that the zeros of w_(m) give
rise to peaks in P(m). For the original mode-locking exper-
iment, w_(m) ~ sin’[(w, + Am/2)Tg/2], while in the case
of spin echo, w_(m) ~ sin’*[(w, + Am/2)Tx /4], immediately
implying that P(m) will exhibit a comblike structure in both
cases.
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